Using pyrrole as a carbon precursor and halloysite nanotubes (HNT) as a templating agent, mesoporous carbon (MC) was prepared by template etching and combined with sulfur as a composite cathode for lithium-sulfur batteries. The mesoporous carbon/sulfur (MC/S) composite cathode exhibits a first cycle discharge specific capacity of 1355 mA h g À1 at 0.2C, and the utilization rate of active sulfur can reach 80.9%. Even after 500 cycles, the discharge specific capacity still remains at 496.9 mA h g À1 when tested at 0.5C. Furthermore, the hollow groove structure present in the MC/S electrode provides a large number of active sites for electrochemical reactions. The prepared MC/S composite cathode not only has a high discharge specific capacity and good cycle stability, but also increases the energy density of the lithiumsulfur battery. Therefore, this preparation process of MC is more conducive to practical application.
Introduction
In the lithium-sulfur battery system, the dissolution and shuttling of the charge-discharge products in the electrolyte will cause irreversible loss of the active material, and the electrode structure will be destroyed during the electrochemical reaction, which will seriously affect the cycle performance and life of the lithium-sulfur battery. [1] [2] [3] At present, the actual energy density of lithium-sulfur batteries is much lower than the theoretical value, which seriously hinders large-scale industrial application. 4, 5 As one of the most important components among the entire lithium-sulfur battery system, the cathode has become a popular research hotspot.
As the cathode material for lithium-sulfur batteries, elemental sulfur inevitably has problems of capacity reduction and shuttle effect. 6 The application of conductive carbon, [7] [8] [9] conductive polymer, 10,11 oxide 12,13 and other materials with different morphologies 14 can not only improve the conductivity of the sulfur electrode, but also improve the utilization rate of the active sulfur. In addition, it can also inhibit the dissolution and migration of polysuldes, and reduce the deposition of irreversible insoluble discharge products (e.g. Li 2 S 2 and Li 2 S) on the electrode. 15 These advantages of composite sulfur electrode can effectively improve the rate performance of lithium-sulfur battery and extend its cycle life.
Carbon-based materials are abundant in type, good in electrical conductivity, and stable in chemical and physical properties. Therefore, the most common way to improve the electrochemical performance of lithium-sulfur battery is to combine carbon materials with sulfur as the cathode. 16 The microporous carbon/sulfur composite cathode has a rich microporous structure, which can improve the cycle performance of lithium-sulfur battery. 17, 18 However, the microporous carbon has a weaker sulfur loading capacity, which reduces the high energy density advantage of lithium-sulfur battery.
Mesoporous carbon is a new class of non-silicon based mesoporous materials (2 nm < pore size < 50 nm) with large specic surface area ($up to 2500 m 2 g À1 ) and pore volume ($up to 2.25 cm 3 g À1 ), while having good conductivity, thermal stability, good biocompatibility, corrosion resistance, etc., and widely used in adsorption, separation, catalysis, electrochemical energy storage and other elds. [19] [20] [21] [22] [23] [24] [25] Due to the increase of pore volume, composite cathode with mesoporous carbon as sulfur carrier has higher sulfur loading capacity. When mesoporous carbon was originally used as a matrix material for carbon-sulfur composite and applied to lithiumsulfur battery, it was proved to have a higher initial discharge specic capacity, but the capacity attenuated rapidly as the battery cycle progressed. 26 For this reason, CMK-3 mesoporous carbon was used to prepare composite cathode for the rst time. The assembled battery can still exhibit good electrochemical performance when the composite cathode contains 70% sulfur. 27 Furthermore, researchers prepared the ordered mesoporous carbons (OMCs) by template synthesis method and used it as the carrier of sulfur. The rst cycle discharge capacity of the lithium-sulfur battery reached 1200 mA h g À1 , and it showed good stability even aer 100 cycles. 28 The above results show that the OMCs can exhibit superior electrochemical performance as a sulfur-carrying matrix for lithium-sulfur battery compared to microporous carbon. In addition, the assembled batteries exhibited similar electrochemical performance aer the pores of the mesoporous carbon matrix were completely lled with elemental sulfur. It has also been found that when the pores were not completely lled with sulfur, the batteries exhibited more excellent cycle performance. This difference is because the transfer of electrolyte and ions was hindered when the pores are completely lled.
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Due to the advantages of small mass, large specic surface area and large pore volume, the use of mesoporous carbon as a sulfur carrier can solve the problems of lithium-sulfur battery to some extent. What's more, the discharge specic capacity and cycle stability of the lithium-sulfur battery can be further improved without sacricing energy density. In this paper, using pyrrole as a carbon precursor and halloysite nanotubes (HNT) as a templating agent, the mesoporous carbon (MC) was prepared by template etching and combined with sulfur as the cathode for lithium-sulfur battery.
Experimental section

Preparation of mesoporous carbon (MC)
(1) 450 mL deionized water and 6 mL concentrated hydrochloric acid (GR, Sinopharm Chemical Reagent Co., Ltd., China) were mixed to prepare an acid solution. 3 g halloysite nanotubes (HNT, AR, Beijing, China) was added to the above solution for magnetic stirring and ultrasonic dispersion to make it uniformly dispersed. Then, 0.5 mL pyrrole (AR, Arkema Inc., Beijing, China) was added followed by magnetic stirring for 12 h (marked as solution A). (2) 2.27 g ammonium persulfate (APS, AR, Sinopharm Chemical Reagent Co., Ltd., China) was mixed with 1 mL concentrated hydrochloric acid to prepare 100 mL acid solution (marked as solution B), and then solution B was added to the solution A followed by magnetic stirring under ice bath condition for 12 h (marked as solution C). (3) Aer the solution C was centrifuged and the product was washed to neutral, the polypyrrole/halloysite composite (PPy/HNT) was obtained. (4) The PPy/HNT was dried in a vacuum oven at 60 C for 24 h. Then, under the protection of argon atmosphere, the PPy/HNT was heated to 900 C at a heating rate of 3 C min À1 and then incubated for 6 h. Finally, it was naturally cooled to room temperature and ground to obtain the C/HNT composite. (5) 10 mL concentrated hydrochloric acid and 10 mL hydrouoric acid (GR, Sinopharm Chemical Reagent Co., Ltd., China) were mixed to prepare a 100 mL acid solution (marked as solution D). Then, 1 g C/HNT composite was added to the solution D followed by magnetic stirring for 12 h. (6) Aer the solution D was centrifuged and the product was washed to neutral, the product was nally dried in a vacuum oven at 60 C for 24 h to obtain mesoporous carbon (MC).
Preparation of mesoporous carbon/sulfur (MC/S) composite
0.2 g mesoporous carbon (MC) and 0.8 g sublimed sulfur (AR, Sinopharm Chemical Reagent Co., Ltd., China) were placed in a mortar and mixed uniformly. Then, the mixed material was placed in a Teon stainless steel reaction vessel, and heated at 155 C for 12 h to obtain mesoporous carbon/sulfur (MC/S) composite, which was used as an active material.
Electrode preparation and cell assembly
The electrode slurry comprising 70 wt% active material, 20 wt% carbon black (Super P, Sinopharm Chemical Reagent Co., Ltd., China), and 10 wt% PVDF (HSV900, Arkema Inc., Beijing, China) in N-methyl-1-pyrrolidone (NMP, Sinopharm Chemical Reagent Co., Ltd., China) was casted on aluminum foil by using a doctor blade and dried at 60 C for 12 h to form the composite cathode. The mass loading of active sulfur in each cathode was 1.3-1.4 mg cm À2 . Lithium metal was used as the anode and 1 M LiTFSI in 1,2-dimethoxyethane (DME)/1,3-dioxolane (DOL) (1 : 1, v/v) with 0.2 M LiNO 3 inside (Duoduo Reagent Co., Ltd., China) was used as the electrolyte. The amount of electrolyte in the cell was controlled to be $20 mL per milligram of sulfur. A Celgard 2320 separator was used to physically separate the anode and the cathode. The assembly of lithium-sulfur battery was completed in an argon-lled glove box (Universal 2440/750) with O 2 and H 2 O levels below 0.1 ppm using CR2025 type coin cells.
Material characterization
The phases of the materials were characterized by X-ray diffraction (XRD, Rint2000, Japan). The microstructure and morphology of the samples were characterized by scanning electron microscope (SEM, JSM5600LV, Japan) and transmission electron microscope (FE-TEM, Tecnai G2 F20, USA Fig. 1 is the FTIR spectrum of halloysite nanotubes (HNT), PPy/ HNT composite, and mesoporous carbon (MC), respectively. It can be seen from the infrared spectrum curve of MC that the characteristic peak of polypyrrole has disappeared, which indicates that polypyrrole has been completely carbonized under high temperature condition. At the same time, the characteristic peak of HNT has also disappeared, indicating that the HNT template has been completely etched aer treatment with hydrouoric acid and hydrochloric acid. Fig. 2 is the scanning electron microscope (SEM) and transmission electron micrograph (TEM) images of the HNT, PPy/HNT composite and mesoporous carbon (MC), respectively. As seen in Fig. 2c , the PPy/HNT composite obtained by polymerization still retains the tubular structure of HNT ( Fig. 2a and  b) . And the thickness of the polypyrrole layer coated on the outside of the composite is about 5 nm (Fig. 2d) . As shown in the TEM image (Fig. 2e) of MC, the tubular structure of the PPy/ HNT composite was not damaged aer being etched by a mixed acid solution. According to Fig. 2f , MC has the same hollow trough structure as HNT, and its inner diameter is approximately the same as the outer diameter of HNT. This reects that the polymerization of pyrrole mainly occurs on the outer surface of HNT. Moreover, the thickness of the MC wall does not change from that of the outer polypyrrole. From this, it can be concluded that the HNT in the inner layer of C/HNT composite has been completely reacted as a template during the etching process. This is the same as the result obtained by infrared spectroscopy.
Results and discussion
In order to verify that the sulfur is uniformly distributed in the MC, a mapping analysis of the MC/S composite was performed. Combined with Fig. 3a , the tubular structure of MC/S composite can be clearly seen. According to Fig. 3b and c . This is due to the sulfur entering the tubular interior of MC.
The XRD patterns of halloysite nanotubes (HNT), PPy/HNT composite, C/HNT composite and mesoporous carbon (MC) are shown in Fig. 4 . Comparing the diffraction curves of PPy/ HNT composite and HNT, it is known that HNT can maintain its structural stability aer the polymerization of pyrrole. Aer carbonization at 900 C, the diffraction spectrum of the obtained C/HNT composite shows a broad diffraction peak between 15 and 35 , which is the characteristic peak of 002 crystal plane of carbon. This indicates that HNT was converted into a spinel phase aer the structure collapsed under high temperature condition, while polypyrrole was carbonized to form amorphous carbon. In addition, aer etching the HNT template with a mixed acid solution, no characteristic peak appeared near 13 on the diffraction curve of MC, indicating that the crystal structure of MC remains stable.
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Due to a higher temperature used in the synthesis of MC/S composite, the crystal structure of sulfur in the obtained MC/ S composite may undergo a transition. By comparing the XRD pattern of MC/S composite ( Fig. 5) with the characteristic peaks of synthetic sulfur, it can be seen that the characteristic peaks of sulfur before and aer compounding are very consistent. It can be concluded that the sulfur in the MC/S composite still maintains the original crystal structure. Fig. 6 is the thermogravimetric (TGA) curves of the prepared MC/S composite, MC and sulfur, respectively. In the composite preparation process, the mass percentage of MC and sublimed sulfur is 20 : 80. Therefore, the sulfur content in MC/S composite is calculated to be 73.8%. Before the temperature is below 300 C, the weight loss curve of MC/S composite is almost the same as that of sublimed sulfur, indicating that sublimed sulfur is uniformly distributed in the MC. Since the MC prepared by using HNT as template has a larger specic surface area and a richer mesoporous structure, sublimed sulfur is more likely to be distributed on its surface during hightemperature melting. Thereby the MC/S composite with a higher sulfur loading ensures the high energy density of lithium-sulfur battery. Fig. 7 shows the CV curves of the MC/S composite cathode in the potential range of 1.5-3.0 V at a scanning rate of 0.1 mV s À1 , during the rst ve cycles. At different cycles, two distinct reduction peaks can be observed, indicating that the sulfur is reduced in two stages. The peak at high voltage corresponds to the reduction of cyclic S 8 to highly polysulde ion (S 8 / S n 2À ), while the peak at low voltage corresponds to the further reduction of soluble polysulde ion to insoluble oligomeric sulfur ion (S n 2À / Li 2 S 2 + Li 2 S). The oxidation peak that occurs during the voltage retrace process represents the oxidation of lithium polysulde to elemental sulfur (Li 2 S n / S 8 ). Aer the activation of the rst cycle, the cyclic voltammetry curve is relatively stable in the subsequent scanning process. As the number of cycles increases, the reduction peak gradually shis to the higher voltage position, while the high sulfur reduction voltage represents a fast sulfur reduction kinetic rate. At the same time, the oxidation peak gradually shis to the lower voltage position. Therefore, the voltage difference (DE) between the oxidation peak and the reduction peak is gradually reduced, indicating that the prepared MC/S composite cathode has good electrochemical reversibility. Since DE is caused by the polarization of the active material during charge and discharge, it can also be concluded that the redox kinetics process of the cathode is gradually improved.
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Fig. 8a is a graph showing the charge/discharge curves of the MC/S composite cathode at 0.2C for 1st, 2nd, 50th, 100th and 500th cycles. There are two obvious platforms on the discharge curves, because the electrochemical reaction process between elemental sulfur and lithium is a multi-step reaction. The voltage of the platform corresponding to different discharge cycle is almost no change, indicating that the prepared MC/S composite cathode has good anti-polarization ability. The MC/ S composite cathode has rst cycle discharge specic capacity of 1355 mA h g À1 at 0.2C, and the utilization rate of active sulfur can reach 80.9%. The capacity of the MC/S composite cathode in the rst two discharge cycles decays faster, because the active sulfur particles loaded on the MC surface inevitably dissolve in the electrolyte during the electrochemical reactions. The cycling performance of the MC/S composite cathode is shown in Fig. 8b . It can be seen that the discharge specic capacity of the MC/S composite cathode decreases when the current density is increased from 0.2C to 0.5C. This is because the polarization inside the electrode becomes more serious as the current density increases, and the electrochemical reaction kinetics becomes slower, resulting in a more serious irreversible loss of the active sulfur. However, the composite cathode exhibits excellent cycle stability aer 30 cycles, and the discharge specic capacity remains at 496.9 mA h g À1 even aer 500 cycles at 0.5C. In addition, the discharge specic capacity retention rate from 50th to 500th cycle is 75.8%, and the average attenuation per cycle is 0.05%. Except for the rst cycle, the coulombic efficiency of the composite cathode at the charge/ discharge rate of 0.5C is always close to 99%. The unique mesoporous structure of MC provides a framework for the uniform dispersion of active sulfur and forms a good conductive network, thereby increasing the utilization rate of active sulfur. Furthermore, the adsorption of mesoporous structure can not only effectively inhibit the dissolution of active sulfur in the electrolyte, but also provide a buffer space for the volume expansion of active sulfur in the electrochemical reaction process, thus ensuring the stability of the electrode structure.
To make a further investigation on the reaction dynamics of MC/S composite cathode, the rate performance was characterized at the different current densities (0.2C, 0.5C, 1C, 2C and 3C) and the result is depicted in Fig. 9 . The discharge specic capacity gradually decreases as current density increases from 0.2 to 3C. Even though at the maximum charge/discharge rate (3C), the specic capacity is still up to 351.3 mA h g À1 . When current density is restored to 0.2C, the discharge specic capacity can reach 937.7 mA h g À1 and the capacity retention rate is 84.6%. It can be seen that the discharge specic capacity of the MC/S composite cathode at the same rate is much higher than that of the pure sulfur cathode. Especially at high charge/ discharge rate (3C), the discharge specic capacity of the pure sulfur cathode is close to zero aer 1st discharge cycle. This is because the MC has good electrical conductivity and the rich mesoporous structure allows rapid migration of ions and electrons, while the high specic surface area also facilitates the absorption of electrolyte. The good rate reversibility of the MC/S composite cathode indicates that the composite has good structural stability. The electrochemical performance exhibited by MC/S composite cathode is related to the internal impedance of the battery. Fig. 10 is the electrochemical impedance spectroscopy (EIS) of the MC/S composite cathode before cycle, aer 20th cycle and aer 100th cycle, respectively. The EIS spectrum is composed of a small intercept in the high frequency, two semicircles in the high intermediate frequency, and an inclined line in the low frequency. Aer tting the equivalent circuit, it can be seen that the measured EIS data is in good agreement with the tted data, and the corresponding detailed tting data is shown in Table 1 . In the equivalent circuit diagram and the tting data, R 1 is the internal resistance of the battery, R 2 is the interface charge transfer resistance, R 3 is the deposition diffusion impedance, CPE 1 is the surface diffusion capacitance of the MC/S composite cathode and the lithium electrode, and CPE 2 refers to the double layer capacitance distributed on the surface of the cathode. As displayed in Table 1 , the value of R 1 increases as the cycle progresses, because the polysulde produced by the electrochemical reaction dissolves into the electrolyte at the beginning of the cycles. The value of R 1 remains relatively stable during the subsequent cycles, Fig. 8 Electrochemical performance of the MC/S composite cathode. (a) Charge/discharge curves at 0.2C, (b) cycling performance at the charge/discharge rate of 0.2C and 0.5C, respectively, and coulombic efficiency at the charge/discharge rate of 0.5C. Fig. 9 Rate performance of the MC/S composite cathode and pure sulfur cathode. indicating that no excess polysulde continues to diffuse in the electrolyte. The value of R 2 is up to 61.94 U before cycle, and gradually decreases as the cycle progresses. This reects that the sulde on the surface of the composite electrode can reengage in the electrochemical reaction of the battery, which improves the utilization of the active sulfur. The value of R 3 increases in the previous cycle, indicating that Li 2 S is formed on the surface of the anode. This value is relatively stable during the subsequent cycles, which shows that the MC/S composite cathode has good dynamic characteristics during charge/ discharge process, so the electrode exhibits long-term cyclic stability ( Fig. 8 ) and good rate performance (Fig. 9 ).
Conclusions
In order to further increase the sulfur content of cathode in the lithium-sulfur battery and ensure the energy density, an excellent MC was prepared by template etching and combined with sulfur as electrode. The prepared MC has larger specic surface area and rich mesoporous structure. Moreover, the MC/S composite cathode exhibits good cycle stability and rate performance, and the utilization rate of the active sulfur can reach 80.9%. The research results of the MC/S composite cathode are benecial to the further practical application of the lithium-sulfur battery, and there is also some inspiration for the development of other carbon materials as the sulfur carrier of the lithium-sulfur battery.
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